Biomass structure is an important feature of terrestrial vegetation. The parameters of forest biomass structure are important for forest monitoring, biomass modelling and the optimal utilization and management of forests. In this paper, we used the most comprehensive database of sample plots available to build a set of multi-dimensional regression models that describe the proportion of different live biomass fractions (i.e., the stem, branches, foliage, roots) of forest stands as a function of average stand age, density (relative stocking) and site quality for forests of the major tree species of northern Eurasia. Bootstrapping was used to determine the accuracy of the estimates and also provides the associated uncertainties in these estimates. The species-specific mean percentage errors were then calculated between the sample plot data and the model estimates, resulting in overall relative errors in the regression model of −0.6%, −1.0% and 11.6% for biomass conversion and expansion factor (BCEF), biomass expansion factor (BEF), and root-to-shoot ratio respectively. The equations were then applied to data obtained from the Russian State Forest Register (SFR) and a map of forest cover to produce spatially distributed estimators of biomass conversion and expansion factors and root-to-shoot ratios for Russian forests. The equations and the resulting maps can be used to convert growing stock volume to the components of both above-ground and below-ground live biomass. The new live biomass conversion factors can be used in different applications, in particular to substitute those that are currently used by Russia in national reporting to the UNFCCC (United Nations Framework Convention on Climate Change) and the FAO FRA (Food and Agriculture Organization's Forest Resource Assessment), among others.
Introduction
Forest biomass is an important input to the monitoring and implementation of the United Nations Sustainable Development Goals [1], providing humans with materials and renewable energy, securing carbon stocks, providing links to biodiversity and recreation, and supporting agricultural production. Biomass structure is represented by biomass expansion factors and the root-to-shoot ratio (R:S), which are important characteristics that are used to estimate biomass components based on growing stock volumes (GSV), and to quantify the inter-tree allocation of biomass. The biomass structure of forest ecosystems includes live biomass, which is divided into the live biomass of trees (stands) and the lower layers such as the understory, undergrowth and green forest floor; and dead vegetation matter including standing dry trees (snags), fallen wood (logs), stumps, dead roots and dry branches of live trees. In many cases, the assessment is limited to only the aboveground live biomass of trees, e.g., in applications of remote sensing [2] . In this paper, we consider live biomass of trees both aboveand belowground.
Biomass structure and its indicators are different for different tree species depending on climate and soil conditions, and they vary substantially by forest type, age, levels of productivity, and stand stocking [3] [4] [5] . Direct measurement of biomass structure is labor intensive and limited to either destructive sampling or the more recently introduced terrestrial LiDAR scanning (with some limitations). However, the limited amount of relevant measurements may lead to substantial biases in the estimates of biomass structure. For example, substantial underestimation of root biomass by Earth system models has been reported previously by Song et al. [6] .
Above-ground biomass of individual trees or stands is typically assessed by allometric equations [7, 8] . However, existing models do not consider all of the significant factors that control the forest biomass structure. For instance, Forrester et al. [9] , who provide an overview of existing European biomass models through nearly 1000 models collected in a database, claim that age and stand density are rarely used in the models, yet they are important drivers of biomass structure. The most popular independent variables were tree size, in terms of diameter or height, the number of trees per hectare, the basal area, and climatic parameters (mean annual temperature and mean annual precipitation) [9] . At the same time, the selection of independent variables in the regression equations depends upon available information. Thus, existing well-elaborated allometric equations [10] cannot be used for large scale assessments because they are based on variables (i.e., individual tree diameter and height distribution) that are not available in the aggregated data of forest inventories undertaken at regional and national scales (e.g., the Russian State Forest Register-SFR [11] ).
One of the most important and practical applications of the knowledge of live biomass structure is its assessment for national reporting to the Secretariat of the Intergovernmental Panel on Climate Change (IPCC). The guidance from the IPCC considers the following fractions (M fr ) of forest tree biomass: stem wood over bark (M st ), branches (M br ), foliage (M fol ) and roots (M ro ). "Stem wood over bark" refers to stem wood with bark. Stumps are included in the roots pool, while the tree tops are allocated to the branches. The biomass expansion factor (BEF) is defined as the ratio of aboveground oven-dry biomass (AGB) to either the commercial or stem oven-dry biomass including bark [12] (Equation (1)):
The Biomass Conversion and Expansion Factor (BCEF) combine the conversion and expansion processes and help to convert the GSV into AGB [13] (Equation (2)) directly:
where D is basic wood density (or specific gravity), in tons of oven-dry matter per m 3 stem volume; M st , M br , M fol are the live biomass of stems, branches, and foliage, respectively, oven-dry t ha −1 ; and GSV is the growing stock volume in m 3 . The BCEF has the dimension (t m −3 ) and can be applied directly to volume-based forest inventory data or remotely sensed estimates without needing information about basic wood densities (and the associated uncertainties). To define belowground live biomass, the IPCC recommends using the root-to-shoot ratio (R:S), i.e., the ratio of the belowground tree live biomass to the aboveground one. Due to the large extent of Russian forests (more than one-fifth of the global forest area, [14] ), the development of reliable sets of BEFs and BCEFs for Russian forests is interesting from both national and international points of view. There have been noticeable improvements in the models for assessing live biomass and its structure as applied to Russian forests over the last two decades as well as improvements to the amount and distribution of experimental data.
The first set of BEFs for the tree parts of forest ecosystems was published by Alexeyev and Birdsey in 1998 [15] . The amount and geographical distribution of sample plots were not reported at that time. All BEFs were obtained by graphical fitting of major forest forming species and large geographical regions of Russia. Any numerical conclusions about uncertainties were not reported. Nevertheless, it was the first attempt to present BEFs for assessing the biomass of forest ecosystems over the entire country.
Another team (Zamolodchikov et al.) published a set of BECFs in 2003 [16] using a database containing~2000 sample plots. The sample plots were aggregated (averaged) by 10 dominant species (and two aggregations of softwood and hardwood deciduous tree species) and age groups within three latitudinal belts over the country. The coefficients were applied to data from the SFR and were calculated as mean values by geographic units with corresponding standard errors. In addition to the very large and heterogeneous areas of the latitudinal belts, the study did not consider how much the missing input information (i.e., productivity and stocking) impacted upon the accuracy of the BCEFs.
Usoltsev [17] [18] [19] [20] used a constantly growing database of forest biomass measurements to produce a regionalized system of BCEF equations as a function of forest age, average height, average diameter (DBH) and number of trees (N). Equations by Usoltsev can be directly applied to yield tables or individual forest stands where DBH and N are known. However, DBH and N are not contained in the SFR. In order to utilise the SFR data, Usoltsev also provided regional and tree specific regression equations where the BCEF depends on age and GSV [20] . However, this approach does not consider that the same GSV can have two types of stands: low productive but dense and high productive but sparse, which is critical to the biomass structure. For example, low productive forests invest more in below-ground biomass; sparse forests shift the biomass share from stems to branches (e.g., [21] ).
At the same time, a team at the International Institute for Applied Systems Analysis (IIASA) applied a systems approach to the assessment of BECFs for Russian forests for use of SFR data [5] aimed at (1) using all available experimental data collected at that time (about 3500 sample plots), (2) following strict statistical procedures, and (3) decreasing the level of uncertainty by accounting for the specifics of Russian forests and the corresponding forest inventory data. The BECF in this study is based on a non-linear dependence of BCEF fr on indicators available from aggregated data of the SFR: tree species, age, site index and relative stocking. This is the most comprehensive set of parameters that controls forest biomass structure, which are available in the SFR.
More than 10 years have now passed since this publication [5] . The amount of experimental data available, their spatial distribution and the quality have increased substantially, and new statistical methods have been applied during this period. These advances have therefore driven this research and defined the major objective of this study, i.e., to develop a new, more reliable system for estimating BCEFs and to compare them with those currently used for international reporting by Russia to international bodies such as the IPCC and the Food and Agriculture Organization's (FAO) Forest Resource Assessment (FRA).
Materials and Methods
The methodology consists of two principal steps: (1) estimation of the regression models of forest biomass structure based on field measurements, and (2) development of a map of the spatial distribution of biomass structure indicators using inventory-based biometric characteristics of forest cover.
Experimental Data
The experimental data used in this assessment consisted of 8007 unique records of sample plots based on destructive biomass sampling. The sample plots were established in the territories of Northern Eurasia and collected in a verified forest biomass database [21] . The database contained several key indicators of forests (geographical coordinates, dominant tree species, average age, site index, relative stocking, growing stock volume), the mass of live biomass fractions of trees (including stem wood over bark, wood of branches over bark, foliage and roots) and lower forest layers (understory, undergrowth and green forest floor). The data were collected from ca 1200 experiments for the period 1930-2014. Some biomass fractions were sampled more intensively (6315 records for stems, 6441-for branches, 6739-for foliage), while others much less (e.g., 3368-for roots). The accuracy of biomass estimation at the plot level is in the range of 92-94% for stem biomass, 80-90% for the crown and 70-80% for belowground biomass [21] .
Forest Biomass Models
The forest biomass measurements from the sample plots [21] were used to fit a linear regression model with the logistic transformation of the response to the data of the following form:
where BCEF fr is the biomass conversion and expansion factor for the biomass fraction fr (stems, branches, foliage, roots), which is the ratio of the corresponding biomass fraction to the GSV (t m −3 ); A is the average stand age in years; RS is the relative stocking (which is the ratio of the basal area of a stand to the basal area of a 'normal' stand, i.e., a fully stocked ideal stand based on national standards), typically scaled from 0 to 1 [21, 22] ); SI is the site index, which reflects the quality of a site and is expressed by the average height (m) of a mature forest (50 years old for birch and aspen, 160 years old for Siberian pine (Pinus sibirica Du Tour) and 100 years old for other species); and a 0 -a 5 are model parameters. The residual ε is commonly assumed to have a Gaussian distribution with a zero mean and constant variance. Equation (3) was selected after examining a number of different analytical expressions that would satisfy a set of general requirements (i.e., statistical significance, analysis of residuals, acceptability of the monotony of dependencies etc.). The logistic transformation of the response allows the BCEF to have values between 0 and 1, which fits the input data (i.e., the database contains values in the range of 0.02-0.95). In principle, Equation (3) can be generalized by replacing 1 with max(BCEF). In this case, the model will allow the response to lie between 0 and the maximum value.
Note that in contrast to classical allometry, Equation (3) allows for the occurrence of extrema by using A and RS twice on the right-hand side of the equation. Extreme BCEFs are not necessarily associated with the maximum (or minimum) values of A and RS. For example, the maximum amount of foliage is not necessarily observed in the densest forests, but rather in medium dense forests. It is known that the maximum mass of leaves on trees is reached at a middle age but not at a mature/overmature age.
A different set of coefficients was fitted for each major forest forming tree species of Northern Eurasia and the above-mentioned biomass fractions were calculated. We obtained a set of BCEF models for stems (BCEF st ), branches (BCEF br ), foliage (BCEF fol ) and roots (BCEF ro ) for tree species comprising greater than 98% of the forest cover of Russia. The target variables (BCEF, BEF and R:S) were calculated as following.
where BCEF is the biomass conversion and expansion factor for the entire forest stand (t m −3 ); BCEF fr is the biomass conversion and expansion factor for the biomass fraction fr (stems, branches, foliage or roots); and R:S is the root-to-shoot ratio. Due to non-normality and possible heteroscedasticity of the residuals, the model diagnostics and confidence intervals were obtained via non-parametric bootstrapping of 1000 random samples with replacement from the original data, refitting the model for each sample, and evaluating the means and quantiles of the resulting sets of 1000 parameter estimates. The RMSE (root mean squared error) was calculated to assess the accuracy of the model. Also, the species-specific mean percentage errors (MPEs) were evaluated as follows:
where Y i andŶ i are observed and estimated values respectively, and n is the total number of species-specific observations. The MPEs were thus evaluated for BCEF st , BCEF br , BCEF fol , BCEF ro , BCEF, BEF and R:S. The overall MPEs for each of the above responses were evaluated as weighted averages of species with their respective areal map coverage as weights.
The estimated means and the associated confidence intervals for the maps were obtained by further bootstrapping. All analyses were carried out using R software [23] , and an example of the code for fitting a model and producing the predictions is provided in the Appendix B.
Spatial Distribution of the Biomass Structure Parameters
We used the Integrated Land Information System (ILIS) for Russia [11] , which contains a land cover map [24, 25] and associated forest data that are based on the SFR. The land cover map was developed using a multi-sensor remote sensing approach, geographically weighted regression and reference data obtained using Geo-Wiki [26] . The ILIS contains the spatial distribution of the forest parameters including the major tree species, the age, the relative stocking and site index, i.e., all the information needed to apply the regression models of forest biomass structure described above. From this, maps of the BCEFs, BEFs and R:S values were produced. The uncertainties associated with the regression equations were also estimated. However, the "overall" uncertainties also depend on the accuracy of the ILIS and SFR, which were not considered here due to lack of information.
Results
Using the above-mentioned sample plot database, the parameters of Equation (3) were estimated for the major tree species in Northern Eurasia; these are presented in Table A1 . Graphical examples of the equations with the associated 95% confidence envelopes are presented in Figures 1 and 2 . Stem BCEFs, which are, in essence, stem wood basic density or specific gravity, do not change much with age in the same site condition; they decrease slightly until the age of 50 and then increase for the remainder of the tree's life (Figure 1) . BCEFs of other fractions (branches, foliage and roots) have a more noticeable drop from young to middle-aged forests because these fractions have a bigger share of young trees. Confidence intervals are wider for very young forests (where there are a variety of reforestation conditions) and for very old forests (where less measurements are available). The share of branches is higher in sparse and low productive forests ( Figure 2 ). Stem BCEFs, which are, in essence, stem wood basic density or specific gravity, do not change much with age in the same site condition; they decrease slightly until the age of 50 and then increase for the remainder of the tree's life (Figure 1 ). BCEFs of other fractions (branches, foliage and roots) have a more noticeable drop from young to middle-aged forests because these fractions have a bigger share of young trees. Confidence intervals are wider for very young forests (where there are a variety of reforestation conditions) and for very old forests (where less measurements are available). The share of branches is higher in sparse and low productive forests (Figure 2 ).
In the next stage, we applied BCEF fr equations to the ILIS land cover map with forest parameters. From this we obtained the spatial distribution of the live biomass structure indicators, including the BCEFs (Figure 3 ), the BEFs (Figure 4 ), and the R:S ratios ( Figure 5 ). The maps have resolution of 5 arc second (or 150 m). They can be downloaded in GeoTiff format from Russian Forests and Forestry [27] http://webarchive.iiasa.ac.at/Research/FOR/forest_cdrom/english/for_prod_en.html. Stem BCEFs, which are, in essence, stem wood basic density or specific gravity, do not change much with age in the same site condition; they decrease slightly until the age of 50 and then increase for the remainder of the tree's life (Figure 1) . BCEFs of other fractions (branches, foliage and roots) have a more noticeable drop from young to middle-aged forests because these fractions have a bigger share of young trees. Confidence intervals are wider for very young forests (where there are a variety of reforestation conditions) and for very old forests (where less measurements are available). The share of branches is higher in sparse and low productive forests (Figure 2 ).
In the next stage, we applied BCEFfr equations to the ILIS land cover map with forest parameters. From this we obtained the spatial distribution of the live biomass structure indicators, including the BCEFs (Figure 3 ), the BEFs (Figure 4) , and the R:S ratios ( Figure 5 ). The maps have resolution of 5 arc second (or 150 m). They can be downloaded in GeoTiff format from Russian Forests and Forestry [27] http://webarchive.iiasa.ac.at/Research/FOR/forest_cdrom/english/for_prod_en.html. Relatively high values of the BCEF (Figure 3 ) for East Siberian forests are mostly related to larch forests with red areas indicating young forests (recently reforested burnt areas) and stone birch (Betula ermanii Cham.) in Kamchatka. The dark blue colors correspond mainly to boreal and temperate pine, spruce and aspen forests. Increased BCEF values in the southern European part of the study region are associated with birch, oak and beech forests. The northern European part of the study region also has relatively high BCEF values because of the dominance of either young or low productive forests.
The BEF is the greater, the large the proportion of branches and foliage in above-ground live biomass, which typical for young or sparse or low productive forests. High BEF values on the map Relatively high values of the BCEF (Figure 3) for East Siberian forests are mostly related to larch forests with red areas indicating young forests (recently reforested burnt areas) and stone birch (Betula ermanii Cham.) in Kamchatka. The dark blue colors correspond mainly to boreal and temperate pine, spruce and aspen forests. Increased BCEF values in the southern European part of the study region are associated with birch, oak and beech forests. The northern European part of the study region also has relatively high BCEF values because of the dominance of either young or low productive forests.
The BEF is the greater, the large the proportion of branches and foliage in above-ground live biomass, which typical for young or sparse or low productive forests. High BEF values on the map (Figure 4 ) are also typical for Siberian pine, spruce and fir forests. Low values of BEF are associated with mature forests in general and with alder, pine and larch species in particular.
The R:S ratios are more homogenous across the map ( Figure 5 ) in comparison to the BEFs and BCEFs. Overall the R:S ratios increase with the decreasing productivity of forests, particularly in harsh climates and poorer soil conditions. The highest share of belowground live biomass is observed in larch forests on the continuous permafrost of Central Siberia's high latitudes where the R:S ratios may reach 0.5-0.6 (including the most northern forests across the globe) while the highly productive forests of the southern taiga and temperate zone have a ratio of around 0.2.
The MPEs used to assess the accuracy of the models are shown in Table 1 . The overall relative errors were found to be −0.6%, −1.0% and 11.6% for BCEF, BEF, and R:S ratio respectively. 
Discussion
Accurate estimation of BCEFs with known uncertainties is crucial for GHG inventories and reporting. We applied a two-step approach: (1) build BCEF regression equations depending on the parameters available in both the measurements from sample plots and in the aggregated data from the SFR; (2) apply the regression equations to the SFR data and weight the BCEF by the GSV. The available database of forest biomass measurements is a collection of hundreds of individual studies performed without proper statistical design, which may lead to a bias in the observations. Some tree species were sampled much more intensively then others, and the distribution of forest parameters (e.g., age, tree density, site quality) is different in the available samples compared to the actual forests as reported in the SFR (Figure 6 ). This is the reason why attempts to use plot averages by tree species and regions by e.g., [16] , and which is further implemented in the Russian national UNFCCC report 2017 [28] and in the guidelines [29] approved by the Russian Ministry of Natural Resources and Environment, introduce bias when applied to forest inventory data. Zamolodchikov et al. [16] did not consider two important factors of variability in the BCEF: tree density and the level of forest productivity. They assume that sample plots correctly represent the variety of Russian forests, which is not the case (Figure 6c,d) . Therefore, the accuracy of the country's estimates based on the above-mentioned approach cannot be evaluated. In contrast, this study estimated the BCEFs considering the site index and the tree density distributions of Russian forests. This is why the accuracy of the estimation reported here corresponds to the territorial specifics of the forest cover, which are reflected by the forest inventory data. The total carbon pools and emissions obtained by the BCEFs from this study might (or might not) differ considerably from the current ones [28] , but our BCEF models are generalizable, because, in additional to species, they take into account SI and RS composition.
A comparison of the BCEFs produced in this study with the ones calculated by Zamolodchikov et al. [16] is presented in the appendix (Table A3 ). Our estimates (Table A3 ) are higher for some tree species and biomass fractions (e.g., spruce and birch roots, aspen branches), but lower for others (e.g., Siberian pine and fir roots, spruce branches). For example, the difference (between our estimation and [16] ) for the total stand live biomass BCEF of middle taiga middle-aged larch forests is only +9% (Table A3) , while stem BCEF is −17%, branches are +69%, foliage is +37% and roots are +138%.
The IPCC 2003 [12] report suggests default BEF values ( Table 2) . Our results (GSV weighted averages) are considerably lower for both boreal and temperate zones. The difference in BEF estimation for boreal coniferous forests (Table 2) might not look substantial (1.35 versus 1.21, i.e., 11.6%); however, this leads to a difference in the live biomass estimation for the entire country of 3.9 million tons. The default BCEF values recommended in the IPCC 2006 report are too high for the entire temperate zone due to the variation in Russian tree species and climate conditions across this zone (Table 3) . Default BCEF values are also too high for forests with low growing stock (<20 m 3 ha −1 ), e.g., boreal forests at the northern or altitudinal limits, because they can include not only young forests but also sparse and low productive stands.
The Russian country report for FAO FRA 2015 [14] uses a Tier 1 approach to estimate above-ground biomass and Tier 2 for below-ground biomass (Table 4) . Our approach satisfies the requirements of Tier 3: "Country-specific national or subnational biomass conversion expansion factors". The R:S ratio suggested by Mokany et al. [30] overestimates the data for temperate coniferous forests (Table 5) . A major reason for this is because most of the data used for averaging the R:S ratios were collected outside of Russia. All comparisons presented above relate only to trees in stands and they do not consider the lower layers of forest ecosystems (i.e., the understory and green forest floor). Russia has large areas of low productive (mostly northern) forests (around 45% of the area of the country's major forest forming tree species) where the share of live biomass of the lower layers is substantial (exceeding 10% of the total amount of LB) and should be accounted for within LB inventories. Such models have also been developed, but experimental data are poor and the uncertainties in the corresponding models are high. Even more important is the role of the lower layers of forest ecosystems in the assessments of the Net Primary Production of forests, particularly in methods based on the dynamics of LB components [5] .
The BCEFs obtained in this study can be used (or tested) in neighboring regions. All available measurements, collected in Ukraine and Belarus, were also used in our regression analysis, so Equation (3) and its parameters (Table A2 ) are applicable to these two countries. However, regionalized GSV-weighted BCEFs, presented in the Tables 1-4 and Table A3 , need to be calculated based on the forest inventory data of the countries.
Conclusions
This study offers a system of equations for estimating forest stand biomass structure and biomass expansion factors for Northern Eurasia, which are more systematic and have lower uncertainties compared to the currently used values for official reporting. The results are presented in the form of spatially distributed multidimensional equations, which use as much relevant information from the forest inventory as possible and are flexible enough that they can be used for different applications. The models are aggregated by species and regions, and satisfy the requirements of both national live biomass inventories and country reporting to international bodies such as the UNFCCC and FAO. The spatial distribution of the BEFs, BCEFs and the R:S ratios were developed based on regression equations and the actual characteristics of the forest cover. The resulting maps can be combined with different remote sensing products (e.g., [31] ) and present spatially distributed information that can be used in further geographical analyses.
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